Nutrients involved in one-carbon metabolism may play a role in carcinogenesis through DNA replication, repair and methylation mechanisms. Most studies on urothelial cell carcinoma (UCC) have focused on folate. We sought to examine the association between B-group vitamins and methionine intake and UCC risk, overall and by subtype, and to test whether these associations are different for population subgroups whose nutritional status may be compromised. We followed participants in the Melbourne Collaborative Cohort Study (N 5 41,513) for over 20 years and observed 500 UCC cases (89% originating in the bladder; superficial: 279, invasive: 221). Energy-adjusted dietary intakes of B vitamins (B1, B2, B3, B5, B6, B8, B9 and B12) and methionine were estimated from a 121-item food frequency questionnaire administered at baseline (1990)(1991)(1992)(1993)(1994), using the residuals method. We used Cox regression models to compute hazard ratios (HRs) of UCC risk per standard deviation (SD) of log-transformed nutrient intakes and 95% confidence intervals, adjusted for potential confounders. We investigated associations by tumor subtype, and tested interactions with sex, country of birth, smoking and alcohol drinking. The risk of UCC appeared not to be associated with intake of B-group vitamins or methionine, and findings were consistent across tumor subtypes and across demographic and lifestyle characteristics of the participants. A potential interaction between vitamin B1 and alcohol drinking was observed (all participants: HR per 1 SD 5 0.99 (0.91-1.09), never drinkers: HR 5 0.81 (0.69-0.97), p-interaction 5 0.02), which needs to be confirmed by other studies. Our findings do not indicate that dietary intake of nutrients involved in one-carbon metabolism are associated with UCC risk.
Introduction
Urothelial cell carcinoma (UCC) includes tumors of the renal pelvis, the ureter, urinary bladder and proximal urethra, with about 90% of these originating in the urothelium of the bladder. 1 While age, sex, smoking and occupational exposure to chemicals are established risk factors for the development of UCC, 2 the role of dietary factors remains unclear. 3, 4 Although it is biologically plausible that dietary factors are involved in the etiology of UCC due to their opportunity for contact with the urothelium, 5 the World Cancer Research Fund's (WCRF) Second Expert Report in 2007 found that the evidence was too limited to conclude that any food or nutrient was directly associated with the risk of bladder cancer, but limited evidence was identified suggesting that consumption of folate and milk, rich in vitamin B2 and B12, are associated with reduced risk, and drinking water contaminated with arsenic is associated with increased risk of developing bladder cancer. 6 Similar conclusions were reached by the 2015 WCRF Systematic Literature Review Continuous Update Project Report. 7 Folate (vitamin B9), which is one of several B group vitamins that are water-soluble and excreted via the urinary tract, may modify arsenic metabolism.
pathway and, as such, play a key role in DNA synthesis, repair and methylation, and therefore potentially influence carcinogenesis. 11 In a recent study, we found that global DNA methylation was differentially associated with risk of UCC subtypes. 12 While there is mounting evidence of a role for these key nutrients in the development of tumors at other sites, the few studies that have investigated associations between B vitamins and risk of UCC have been heterogeneous in design, measures, analyses and findings. [13] [14] [15] [16] [17] A 2014 meta-analysis reported a potential inverse association between folate intake and bladder cancer risk, although this association was only evident from retrospective studies and not in prospective studies. 18 One large US case-control study included in the meta-analysis which found no association of bladder cancer risk with folate intake, identified a potential inverse association with vitamin B12 intake. 19 Our principal aim was to investigate prospectively associations between dietary intake of B-group vitamins and methionine and the risk of developing UCC, using a cohort of ethnically diverse, middle-aged individuals. Our secondary aims were to examine potential differences in risk between superficial and invasive disease and to assess whether associations were more evident for higher-risk groups such as smokers and alcohol drinkers, as these behaviors may alter nutritional status.
Material and Methods

Study sample
The Melbourne Collaborative Cohort Study (MCCS) is a prospective study of 41,513 participants (17, 21 Cases with uncertain behavior type, including PUNLMP, and with a topography code corresponding to vagina (ICD-4: C52.9) were censored at the time of diagnosis. The remaining cases included topographic codes (ICD-O-3) corresponding to the bladder (C67), the kidney (C64-C65), the ureter (C66) and the urethra (C68).
Exclusion criteria
We excluded from the analysis participants who were diagnosed with UCC before study entry (N 5 69). To avoid misclassification of dietary habits, we also excluded individuals who reported a personal history of stroke, heart disease, angina or diabetes at study entry as they may have changed their diet in response to their diagnoses (N 5 3,793). Participants in the first and 99th percentile of the sex-specific energy intake distributions were also excluded, as they may represent aberrant reporting of food habits (N 
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by the nutrient composition for an average sex-specific portion size. [24] [25] [26] [27] Folate intake was estimated using only that occurring naturally in food, as folate fortification was rare in Australia at the time baseline measures were collected. Intakes of energy and each nutrient were log transformed to obtain distributions closer to Gaussian, as these may provide a better model fit. Nutrient intakes were adjusted for energy using the residuals method. 28 We calculated the Mediterranean diet score (MDS) as a measure of overall diet quality, which we have previously shown to be associated with invasive UCC risk. 4 Using other dietary scores made virtually no difference to the results.
Questionnaire and anthropometric measures
Extensive data were also collected at recruitment on a wide range of exposures such as smoking, anthropometry (height, weight, waist and hip circumferences measured by trained staff using standard methods), alcoholic beverage intake, multivitamin use, country of birth, socioeconomic status (score ranging from 1 to 10 representing deciles of relative socioeconomic disadvantage of area of residence), 29 highest level of educational attainment and physical activity. 30 
Statistical analysis
Follow-up began at study entry and continued until date of diagnosis of UCC, date of diagnosis of cancer of an unknown primary site, date of an unconfirmed UCC or a tumor with uncertain behavior, date of death, date last known to be in Australia, or 31 December 2015, whichever came first.
Cox regression models were fitted, with age as the time axis, 31 to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for UCC risk associated with each nutrient measure. For each nutrient, the proportional hazards assumption was assessed by test and visual inspection of the Schoenfeld residuals 32 ; these showed no violation of the assumption for any nutrient variable (Supporting Information). For each energy-adjusted nutrient, sex-specific quartiles were obtained using the whole sample and analyzed using the lowest quartile as the reference category. Departure from linearity in the relationship between B-group vitamins and UCC risk (overall, invasive and superficial) was investigated using likelihood ratio tests to compare models including dietary intake variables as linear versus categorical (using quartiles). If the relationship was found not to be linear, we tested for potentially U-shaped or bell-shaped relationship by adding a quadratic term to the model, which we tested using a likelihood ratio test. HRs were given per one standard deviation (SD) increase in each log-transformed nutrient variable to minimize the influence of very large values on the natural scale. Results for the raw variables of nutrient intakes showed similar results and were presented in Supporting Information.
Based on directed acyclic graphs, 33 we fitted two models. To test for heterogeneity in the HRs by tumor subtype (invasive vs. superficial), we fitted Cox proportional hazard regression models for competing risk using a data duplication method. 34 To examine the interaction of intake of each nutrient with alcohol and smoking, both of which may affect the assimilation of vitamins, alcohol intake was categorized as never/low/ high (>40 g/day for men and > 20 g/day for women) and smoking as current/former/never.
Finally, we conducted a sensitivity analysis excluding participants who reported using multivitamin tablets, as these may contain B vitamins for which intake could not be assessed.
Results
We included 36,882 participants in the analysis, followed for a median time of 22.2 years. In total, 500 UCC cases were diagnosed (89% originating in the bladder, 7% in the kidney, 3% in the ureter, and 1% in the urethra), including 279 superficial and 221 invasive cases. Cases were more likely to be males from Southern Europe, smokers, alcohol drinkers and have higher BMI (Table 1) . Spearman correlations between nutrient intakes are presented in Table 2 . Moderate to strong correlations (q 0.5 to 0.7) were observed for vitamin B12 with vitamin B6 and methionine, for folate with biotin, for thiamine with riboflavin, for vitamin B5 and B6, for vitamin B5 and B12 and for riboflavin and niacin.
We did not observe significant linear associations between intakes of B-group vitamins or methionine (on the log scale) and the risk of UCC, either in the basic or in the more comprehensive model (Table 3 ). The association appeared to be non-linear for the intake of vitamin B6 (departure from linearity p 50.004), and there was evidence of an inverse U-shaped relationship (quadratic term p 5 0.01, not shown). Results from Model 1 and Model 2 were very similar, indicating that confounding was unlikely to play a role in any of the observed associations (Table 3 ). There was no evidence that intakes of B vitamins or methionine were differentially associated with risk of invasive or superficial UCC subtype (Table 4 , for all nutrients: p heterogeneity >0.1).
In Table 5 , we present results for potential effect modification by smoking and alcohol drinking status, as these may affect the metabolism of B vitamins. With the exception of thiamine, for which there was weak evidence of an inverse association with UCC risk for never drinkers (p heterogeneity 5 0.02), we did not find that smoking or alcohol consumption modified the association between B-group vitamin or methionine intakes and UCC risk. No heterogeneity in the associations was observed by sex or country of birth either (data not shown).
Finally, we conducted the same analyses after excluding 6,184 (17%) participants who reported using multivitamin tablets, and similar findings were obtained (data not shown).
Discussion
We did not find evidence that dietary intake of any B-group vitamin or methionine, as estimated using a 121-item FFQ, was associated with the risk of UCC. The quadratic association we observed for vitamin B6 intake is difficult to interpret because both low and high intakes were associated with a lower risk of UCC (thus intermediary intakes associated with increased risk). There was no consistent evidence of effect heterogeneity across UCC subtypes, or within participant subgroups. That is, there did not appear to be a more protective effect of B vitamin intakes among higher-risk individuals such as smokers or alcohol drinkers as hypothesized. We did observe an interaction between alcohol drinking status and vitamin B1; an inverse association with UCC was observed in never drinkers. This association did not appear to have a clear explanation as we hypothesized that B vitamin intakes would be more beneficial in participants whose absorption of B vitamins may have deteriorated due to smoking or alcohol drinking. 35, 36 Given the number of tests performed in our study, we therefore conclude that the few and inconsistent tests with p < 0.05 we observed were likely due to chance and require confirmation by other studies.
The main strength of our study is that it was prospective, thus minimizing the possibility of recall and selection biases.
We had lengthy and virtually complete follow-up since the identification of incident UCC cases was performed by record linkage to Australian population-based cancer registries that have virtually complete coverage of the cohort participants. Although UCC is not a common cancer, we could include in our analysis a relatively large number of cases (N 5 500), with information on tumor behavior. We also had extensive data on participant characteristics, which we used to produce less confounded estimates of association.
The main limitation of our analysis pertains to the use of a single FFQ administered at baseline to examine the risk of UCC over more than two decades: first, measurement error is considered to be large in FFQ-assessed dietary intakes, as we observed in our study, 37 and this generally tends to attenuate measures of association; 38 second, participants may have changed their diets substantially over two decades. These sources of measurement error are likely to have substantially reduced the power of our study. Additionally, we did not formally adjust our results for multiple testing because tests were largely non-independent in our study, but rather interpreted the few and inconsistent tests with p < 0.05 as potential chance findings. We used food composition data for B vitamins and methionine from 2006 to apply to dietary data collected in the early 1990s. The mandatory fortification of bread flour with folate was not introduced until 2009 and voluntary fortification of flour and cereals was not permitted until June 1995; 39 however, mandatory fortification of bread flour with thiamine was introduced from January 1st 1991; 40 so levels assumed for FFQs completed early on may be overestimated. B vitamins have also been added to breakfast cereals in amounts determined by manufacturers and probably did not change systematically between 1990 and 2006. We were also not able to assess possible genetic influences such as variants in the MTHFR and MTR genes, which play a key role in DNA methylation processes and may substantially affect plasma concentrations of B vitamins. 41 It has been suggested that extra folate will be required by individuals with the CT or TT genotypes of the MTHFR polymorphism, 42 hence dietary intake is likely to be less important to people with the CC genotype and combining the genotypes may hide any association. Other associations between genetic loci Cancer Epidemiology Table 3 . Associations between log-transformed intakes of B group vitamins and methionine intake with the risk of UCC (N 5 500) 43, 44 While, at present, limited evidence exists that genediet interactions contribute to cancer risk, 45 to our knowledge, such associations have not been assessed in the case of B vitamins and urothelial cancer.
Another limitation is that we did not have information on environmental and occupational exposures to chemicals associated with increased risk of bladder cancer (e.g., polycyclic aromatic hydrocarbons and aromatic amines), which could have confounded our estimates if exposed industry workers had unhealthier dietary habits than other cohort participants. Occupational exposure to carcinogens in Australia is estimated to cause 14% of bladder cancer in men and 0.7% in women. 46 Any resulting confounding effect from differential eating habits is, therefore, likely to be very small. We adjusted our results for socioeconomic status and educational level, which provided some indirect control for occupational exposures.
The one-carbon metabolism pathway is complex and little is known about the relationship between the different B-group vitamins, and their biological interactions with other dietary and environmental exposures. 10 Even though our study population appeared to have a high daily intake of B group vitamins (Table  1) , UCC is a disease that typically affects older people, and the bioavailability of these vitamins may be compromised in this demographic by certain drugs such as acid lowering agents (Proton Pump Inhibitors) and diuretics because of the watersoluble nature of this group of vitamins. 47 To our knowledge, few other studies have assessed associations between B-group vitamins and UCC risk in a systematic manner. A Danish prospective cohort study (N 5 322 urothelial cancer cases) concluded that there was no association between intake of folate and risk of UCC, and their findings were also similar to ours for subgroup analyses by smoking status. 16 A Spanish case-control study of 912 bladder cancer patient cases matched with hospital-based controls, reported inverse associations of several B vitamins (B12, B6, B2 and a borderline association for folate) with UCC risk.
14 Using data from another case-control study (the New Hampshire study, N 5 322 bladder cancer cases), Brinkman et al. 13 reported inverse associations with thiamine and niacin, but as in our study, no association with riboflavin, vitamin B6 and B12 or folate. Case-control studies are more prone to bias and often result in stronger risk estimates than those obtained from prospective studies. 48 A metaanalysis of the association of folate with bladder cancer risk found an inverse association in cross-sectional but not in prospective studies. In conclusion, our study corroborates previous research in not detecting associations between dietary intakes of B-group vitamins and the risk of UCC. Future studies on B vitamins and UCC should focus on plasma measures, investigate in more detail interactions between B vitamins and methionine regarding UCC risk and assess interactions of dietary intakes with key genetic polymorphisms involved in the one-carbon metabolism pathway.
